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ABSTRACT 
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for  communication.  Fiber  rings  have  been  employed  to  attempt  to  further  lower  the  sBs 
threshold  for  optical  switching  with  some  success.  However,  such  a  device  suffers  from 
excessively  long  switching  time  of  over  52  ns.  Much  work  remains  to  improve  the 
performance  of  fiber  ring  devices. 

Dependence  of  sBs  gain  and  shift  on  the  elastic  properties  of  the  fiber  material  and 
geometry,  and  its  close  correlation  with  the  forward  spontaneous  but  resonant  Brillouin 
scattering,  coined  GAWBS,  via  numerous  models  and  experimental  verification,  point  to 
the  possibility  of  employing  both  processes  for  sensing  fiber  and  ambient  parameters,  such 
as  fiber  chemical  composition,  fiber  core  and  diameter  variations,  fiber  strain,  fiber  and 
ambient  temperature,  etc.  The  forward  and  backward  sensing  capability  may  render  such 
a  sensor  fault  tolerant.  The  noise  level  sensing  of  GAWBS  using  electronic  heterodyne 
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INTRODUCTION 


ARO  Grant  DAAL03-91-G-0488  has  received  multi-year  funding  since  1991  with 
the  initial  objective  of  developing  fiber  based  Raman  and  Brillouin  active  devices  for 
optical  amplification,  channel  selection  and  switching.  The  wavelength  independent 
techniques  of  stimulated  Raman  and  Brillouin  scattering  were  investigated  initially  for 
feasibility  of  broadband  Raman  amplification,  possibly  enhanced  by  the  stimulated 
Brillouin  process  to  achieve  high  gain  and  low  noise,  while  the  high  gain,  low  noise 
Brillouin  fiber  amplifier  would  be  broadbanded  using  cascaded  low-threshold  fiber  rings. 

These  techniques  have  been  studied  at  10.6pm,  and  1310nm  wavelengths,  with  little 
success  at  the  former  due  to  lack  of  low-loss  fibers  and  rather  promising  results  at  the 
latter  wavelength  with  extremely  low-loss  singlemode  fibers. 

Most  of  the  work  has  been  focused  on  Brillouin  active  fiber  based  devices,  since 
Raman  fiber  amplifier  was  long  regarded  as  a  poor  substitute  for  the  widely  adopted 
erbium  doped  and  praseodymium  doped  fiber  amplifiers.  We  have  made  substantial 
progress  in  Brillouin  active  backward  scattered  1 1  GHz  Stokes  line  and  the  forward 
scattered  Guided  Acoustic  Wave  Brillouin  Scattering  (GAWBS)  MHz  spectrum, 
observed  only  in  the  confined  geometry  of  a  singlemode  fiber.  These  phenomena  are 
currently  under  intense  study  for  possible  application  as  fiber  sensors  for  structural 
integrity. 

The  hitherto  neglected  Raman  fiber  amplifier  will  be  re-examined  since  erbium 
doped  and  praseodymium  doped  fiber  amplifiers  perform  lumped  amplification,  which 
lowers  system  reliability,  and  is  further  degraded  by  reliance  on  diode  laser  pumps  and 
fragility  and  brittleness  of  fluoride  based  fibers.  The  Raman  fiber  amplifier,  on  the  other 
hand,  relies  on  the  intrinsic  amplification  of  the  silica  fiber  with  distributed  gain 
increasing  with  effective  fiber  length.  Its  robustness  is  also  derived  from  the  use  of 
multiple  redundant  laser  diodes  as  driver.  Further  study  is  necessary  on  its  amplification 
process,  gain,  linearity,  distortion,  cross  talk  and  noise  properties,  and  relationship  to  the 
Brillouin  process. 

The  concept  of  stimulated  Brillouin  scattering  (sBs)  based  optical  switching  using 
fiber  rings  has  been  explored  theoretically  and  experimentally  by  us  So  far,  the  questions  have 
been  switching  speed  as  function  of  phonon  lifetime,  steady  state  gain  and  fiber  ring 
buildup.  The  dependence  of  sBs  on  density  fluctuations  in  low  gain  media  places 
limitations  on  several  switching  factors  such  as  pulse  width,  pulse  repetition  rate  and 
threshold  levels  for  logic  “1”  and  “0”.  The  pulsewidth  to  pulse  period  ratio  also 
determines  the  maximum  intensity  required.  The  sBs  logic  gate  has  been  shown  to 
function  as  a  true  Fradkin  gate,  except  for  reversibility.  Thus,  higher  order  functions 
typical  of  most  computers,  such  as  the  adder  circuit,  can  be  built  using  the  sBs  gate.  The 
feasibility  of  using  multiple  fiber  rings  must  also  be  investigated. 
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Table  1  Survey  of  Optical  Fiber  Amplifiers 


Property 

Pnueodymium 

Fiber 

Brillouin  Fiber 

Raman  Fiber 

Erbium  Fiber 

Unsaturated 
device  gain 

>30dB 

20  dB 

5  -  lOdB 

>  20  do 

Optical  pump 
power 

<  10  mW 

100-200  mW 

20  -  50  mW 

Optical  pump 
wavelength 

1047  nm 

Stokes  shift  below  signal  K 

807  nm,  980  nm, 
1460-  1500  nm 

N/A 

<  50  mA 

>  500  mA 

>  100  mA 

Wavelength  of 
rtneration 

1300  nm 

Any,  but  subject  to  pump  A 

1530  -  1560  nm 

0.1  nm 

100  nm 

N/A 

30  nm 

0.00 1  nm 

20  -  40  nm 

10  -  40  nm 

SSmrS 

^^nrSnul  luIiX 

<1  dB 

<  1  dB 

- ^ 

Polarization 

sensitivity 

OdB 

0  dB 

Saturated  output 
(-3  dB) 

0.18  dBm  or  65 
mW 

Limited  only  by  pump  power 

few  mW 

Direction 

Unidirectional 

Bindirectional 

Bi-directional 

Noise 

8dB 

Very  low 

Very  low  | 

Low 

Cross-talk 

N/A 

Only  below  1 00 
kHz 

Intermodulation 

distortion 

N/A 

Low 

Only  below  luo 
kHz 

Commercial 

Availability 

Yes 

N/A 

M/A 

No 

Few  $K 

Yes 

$50,000 

Price 

Reliability 

$35,000 

Poor 

(Britle  Fluoride 
Fiber) 

n/ /A. 

N/A 

Potentially 

High 

Moderate 

Concurrent  1310, 
1550  run 
Operation 
Switching 

No 

Poor 

N/A 

Yes  (Good) 

Yes 

No 

No 

Poor 

Gain/Bandwidth  Comparison  for  Fiber  Amplifiers 


THE  RAMAN  FIBER  AMPLIFIER  FOR  OPTICAL  COMMUNICATION 

The  polarization-independent  gain  with  minimum  number  of  interfaces,  large 
saturation  output  power,  high  speed  response  and  broad  bandwidth  are  attractive 
properties  of  the  fiber  Raman  amplifier  for  WDM  amplification.  The  Raman  technology 
is  superior  to  doped  technologies  ~  erbium  and  praseodymium,  since  distributed 
amplification  has  advantages  over  lumped  amplification.  The  use  of  several  generations 
of  Raman  Stokes  and  anti-Stokes  lines  to  achieve  operation  at  both  1310  and  1550  nm 
wavelength  is  highly  attractive.  Such  amplifiers  can  potentially  reduce  cost  to  1/10  of  that 
of  a  repeater,  raise  the  signal-to-noise  ratio  and  handle  higher  transmission  speeds. 

At  present,  both  erbium  and  praseodymium  doped  fiber  amplifier  have  system 
reliability  problems,  i.e.,  when  they  malfunction,  the  entire  system  is  affected.  Single  or 
two-laser  pump  sources  also  render  the  system  less  robust.  Praseodymium  fiber  amplifier 
also  uses  brittle  and  fi-agile  fluoride-based  fibers.  Neodymium  doped  fiber  is  proposed  as 
the  pump  source  in  the  Raman  fiber  amplifier,  but  not  the  amplification  medium,  which  is 
rugged  silica  fiber.  Such  an  amplifier  can  be  driven  by  multiple  low  cost  laser  diodes, 
with  built-in  heavy  redundancy. 

RESEARCH  WORK  ON  FIBER  RAMAN  AMPLIFIER 

As  is  evident  from  the  Table,  the  fiber  Raman  amplifier  has  a  very  broad 
bandwidth,  but  required  substantial  pump  power.  Furthermore,  when  using  Raman 
amplifier  in  long-haul  coherent  systems,  various  schemes  for  the  suppression  of  sBs, 
which  causes  pump  depletion,  have  to  be  used.  However,  it  has  been  found  that  the  sBs 
threshold  decreases  dramatically  in  the  presence  of  linear  gain,  generated  by  the  Raman 
process.  The  presence  of  sBs  also  increases  noise  in  the  system  significantly.  It  is  thus 
fundamental  that  the  sBs  process  be  explored  for  the  possibility  of  its  elimination  together 
with  noise  or  its  utilization  in  the  enhancement  of  the  Raman  amplification  process. 

THE  BRILLOUIN  FIBER  AMPLIFIER  FOR  OPTICAL  NOISE  SENSING  AND 
SWITCHING 

Brillouin  fiber  amplifiers  can  provide  gains  using  modest  pump  powers.  However, 
the  gain  bandwidth  product  is  inherently  small  (17  MHz  at  1.5  pm)  and  the  spontaneous 
noise  is  substantially  higher  than  that  observed  with  other  optical  amplifiers,  leading  to  a 
20  dB  noise  figure  for  a  typical  preamplifier  application.  Although  the  gain  bandwidth 
may  be  increased  to  accommodate  data  rates  up  to  a  few  Gbit/s,  the  spontaneous  emission 
noise  will  inevitably  degrade  the  system  performance.  The  large  noise  figure  and  narrow 
bandwidth  of  the  fiber  Brillouin  amplifier  render  it  quite  noncompetitive.  However,  its 
high  gain  for  backward  wave  scattering  and  high  noise  content  renders  the  process 
highly  suitable  for  ambient  sensing. 
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CH2  SBS  PHOTONIC  SWITCHING 

The  characteristics  of  sBs  that  are  important  in  optical  switching  and  hence  optical 
computing  are:  phonon  lifetime,  steady  state  gain,  sBs  threshold,  and  fiber  ring  buildup 
time. 

The  threshold  power  for  sBs  in  a  fiber 

where  gB  =  gain  coefficient,  I  =  intensity  of  the  incident  beam,  Lg  =  effective  length  of 
fiber  given  by  Lg  =  l/a[l  -  e"®^],  and  L  =  length  of  fiber. 

The  threshold  power  for  sBs  in  a  fiber  is 

p 

^  T 

SbL  f 

where  A  is  the  cross  sectional  area  of  the  core  and  F  is  the  finesse  of  the  ring  resonator 
given  as  a  function  of  the  coupling  constant,  K,.,  of  the  ring:  F  =  (ttK^  )/(1  -  Kr) 

Brillouin  gain  coefficient, 

2nn’P,\ 

%E=—2 - — 

cX  pv^Fg 

where  n  is  the  index  of  refraction,  P12  is  the  elastooptic  coefficient  of  the  material,  c  is  the 
speed  of  light,  X  is  the  wavelength  of  the  laser,  p  is  the  density  of  the  material,  and  Fb  is 
the  Brillouin  linewidth. 

Standard  values  for  fused  silica  are  follows:  p  =  2.2IXIO3  kgm' ,  n  =  1.45, 

P12  =  0.286,  Vj  =  5.97x10^  m/s,  Fb  =  23  MHz 

The  photon  linewidth  is  much  narrower  than  the  phonon  linewidth  so  that  the 
lifetime  of  the  sBs  process  is  determined  by  the  latter. 

The  linewidth  is  a  transition  per  imit  time  and  is  given  by 

r  _ 

i  B 

Po 

where  tjj  =  viscosity,  po  =  density,  and  Icb  =  wave  vector  of  the  scattered  wave.  The 
switching  time  for  stimulated  Brillouin  scattering  is  therefore  the  inverse  of  the  linewidth 
which  is  the  phonon  lifetime.  The  phonon  lifetime  is  given  by 

Tb  =  1/Fb 

When  dealing  with  pulses  as  in  optical  switching  and  computing,  stimulated 
Brillouin  scattering’s  dependence  on  density  fluctuations  in  small  gain  media  places 
limitations  on  several  switching  factors  including:  pulse  width,  period  of  pulses,  and 
threshold  levels  for  logic  “1”  and  logic  “0”. 


The  intensity  of  the  Stokes  pulse  is  determined  to  be 


/.(O) 


=  1  +  gIoz(l  -  e'") 


where  the  higher  order  terms  have  been  ignored. 

The  Stokes  intensity  at  the  end  of  the  Nth  pulse  is  given  by 


\ 


/.(O) 


=  1  +  gioz 


/I  -NAx 

(1  -e  ) 


where  the  pulse  width  and  the  period  were  taken  to  be  very  small. 


Both  the  intensity  of  a  single  pulse  and  the  intensity  at  the  end  of  the  Nth  pulse 
were  computer  simulated.  The  pulse  width  was  altered  in  order  to  determine  the  pulse 
width  to  period  ratio  suitable  for  proper  switching  by  defining  the  intensity  function,  V , 
such  that  V  =  1  -  e'^  for  the  continuous  wave,  and  V  =  tp/A(l  -  e  for  the  pulses. 


Normalized  Intensity, 
V,  for  continuous  wave 


time  variable, 


Graph  of  Normalized  Output  Intensity,  V  vs.  time,  t 


The  time  was  normalized  to  twice  the  phonon  lifetime  so  that  normalized  time  constant  is 
given  by  T  =  \11x-q.  It  was  observed  that  the  intensity  of  the  Stokes  wave  approximated  the 
input  laser  intensity  after  4  time  constants. 
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The  induced  Stokes  wave  is  the  product  of  two  incident  laser  beams.  Therefore,,  a  logic 
“1”  will  be  detected  when  the  normalized  intensity  becomes  at  least  0.5.  Any  normalized 
intensity  that  is  lower  than  0.5  was  determined  to  be  logic  “0”.  The  pulse  width  of  66  ns 
was  extrapolated  to  be  75%  of  the  time  constant. 

Investigation  of  the  pulse  widths  and  periods  leads  to  conclusions  for  determining  the 
minimum  allowable  pulse  width  and  period  ratio  for  this  type  of  switching  mechanism. 

The  pulse  width  to  period  ratio  also  plays  an  important  role  in  determining  the  maximum 
intensity  of  the  system.  Even  though  the  intensity  of  the  driving  pulses  are  high,  the 
resultant  switched  intensity  will  only  approach  the  pulse  width  to  period  ratio  as  a  steady 
state  value.  In  fact,  if  the  pulse  width  to  oeriod  ratio  is  too  small,  a  logic  “1”  may  never  be 
attained.  The  pulse  width  was  altered  to  determine  steady  state  ratio  of  the  system  when  pulses  are 

used.  When  the  pulse  width  accounts  for  50%  or  more  of  the  period,  then  a  logic  “1” 
could  be  produced. 

As  the  pulse  width  to  period  ratio  increased,  the  steady  state  gain  of  the 
continuous  wave  was  approximated.  When  the  continuous  wave  normalized  intensity 
approaches  unity,  the  output  Stokes  wave  intensity  approximates  the  input  laser  intensity. 

The  stokes  wave  will  have  enough  intensity  to  stimulate  another  scattering  process  if 
other  switches  are  cascaded,  the  pulse  width  and  period  ratio  must  be  adjusted  so  that  the 
intensity  ratio  must  between  50%  -  75%.  If  an  average  value  (62.5%)  is  assumed  for  the 
pulse  width  to  period  ratio,  then  the  delay  time  between  pulses  is  determined  to  be 
approximately  39.6  ns. 

Another  static  hazard  is  detected  if  one  considers  the  fiber  ring  and  the  pulse 
widths.  The  fiber  ring  loop  must  be  long  enough  to  hold  a  pulse  to  the  following  reasons. 

Firstly,  if  the  ring  is  too  small,  light  from  port  #1  will  destructively  interfere  with  the  light 
from  port  #2  as  it  emerges  to  port  #4;  this  in  effect  may  destroy  potential  data.  Secondly, 
if  the  ring  size  is  too  large  and  more  than  one  pulse  traverses  the  ring,  any  pulse  following 
too  closely  to  a  pulse  that  is  backscattered  by  sBs  phenomenon  may  be  erroneously 
backscattered.  The  second  condition  places  a  limitation  of  the  minimum  delay  of  the 
system;  the  delay  is  adjusted  so  that  the  density  fluctuations  in  the  medium  do  not  scatter 
a  secondary  pulse  in  error. 

An  optical  module  that  uses  the  switching  property  of  sBs  in  a  fiber  ring  may  be 
created,  but  there  are  limitations  accompanying  the  switching  phenomenon  and  the  ring. 

Any  system  utilizing  the  switching  property  of  pulsed  sBs  in  a  fiber  ring  is  constrained. 
Limitations  were  noted  in  the  pulse  width,  where  pulse  widths  could  not  be  too  small  or 
too  large.  It  was  noted  that  the  pulse  width  had  to  account  fir  at  least  50%  of  the  period. 

The  delay  times  between  pulses  were  also  observed  to  be  an  appreciable  factor. 
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t,=-.01,t*=  l.t,/A=.091 


^*03,  tj=.l,t,/A  =  23 


Graph  of  pulsed  normalized 
intensities  where  pulse  widths  are  9.1%  and  23% 
of  the  period 


Normabzed  mtmnty. 
V,  for  cononuous  wave 
and  pulses 


Normalized  inicnstty. 
V.  for  continuous  wave 
and  pulses 


t^=.07,  t,=  l,t/A=.41 


Graph  of  pulsed  normalized  intensities 
where  pulse  widths  are  4 1%  and  50%  of  the  period 


Normaiized  intensity, 
V,  for  continuous  wave 
and  pulses 


tune  vanable,  t 


Normalized  intensity, 
V,  for  continuous  wave 
and  pulses 


t^  =  t,=  l,  t/A  =  .75 


t^  =  .5,  t,=  l,yA  =  .83 


Graph  of  pulsed  normalized  intensities 
where  pulse  widths  are  75%  and  83%  of  the  period 


SBS  BASED  OPTICAL  SWITCHING  USING  A  FIBER  RING 

The  pump  power  levels  required  for  sBs  generation  is  greatly  reduced  in  high-finesse, 
singlemode  all  fiber-ring  resonators,  with  reported  thresholds  as  low  as  70  ^iw.  Submilliwatt 
Brillouin  thresholds  and  linewidth  narrowing  have  been  demonstrated  m  an  all-fiber  resonator 
using  AlGaAs  laser  diodes  as  pump  source.  By  pumping  the  ring  laser  below  threshold,  it  can  act 
as  an  effective  amplifier  of  signals  at  the  Stokes  frequency. 


High  gain  is  predicted  for  such  an  amplifier  with  resonator  of  short  loop  length,  requiring 
very  low  pump  powers  (<0.1  pw).  Corresponding  output  SNR  is  very  highg  (>55  dB)  even  for 
very  small  signals,  and  improves  with  increasing  signal  level  and  loop  length. 


For  a  ring  of  length  Im  and  finesse  of  260,  the  number  of  rotations  needed  before  the 
threshold  is  reached  may  be  extrapolated  graphically.  The  number  of  rotations  was  dete^ned 
to  be  approximately  1  in  order  to  reach  the  threshold  power  of  5  mw  for  1.3  pm  wavelength; 

assuming  the  total  incident  power  into  the  ring  was  5  raW. 

The  total  switching  time  of  the  fiber  ring  is  given  by  the  followmg; 


^ToUl  ^wcr  buildup  Wit  from  ring 

where  to  k  m  =  time  to  build  up  sBs  threshold  power;  t,,u  from  ring  is  the  time  taken  for  the 
Stokes  wave  to  exit  from  the  ring.  If  the  speed  of  light  in  monomode  fiber  is  approxt^tely 
2  3x10*  m/s,  then  the  total  time  is  calculated  from  the  velocity  of  the  light  m  the  fiber  md 
distance  that  the  light  travels.  The  phonon  lifetime  value  was  determined  from  parameters  taken 

from  Cotter  using  aim  fiber. 
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Therefore  the  total  amount  of  time  to  switch  light  using  sBs  in  a  fiber  nng  is  52T8  ns.  The 
phonon  lifetime  accounts  for  slightly  more  than  80%  of  the  total  switching  time.  It  is  also  noted 
that  phonon  lifetime  is  dependent  on  the  media,  different  rmg  size  and  threshold  power,  however, 
the  buildup  time  and  exit  time  are  not  major  parameters  affecting  switching  time. 

When  the  conttinuous  wave  normalized  intensity  approaches  unity,  the  output  Stokes 
wave  intensity  approximates  the  input  laser  intensity.  The  Stokes  wave  will  have  enough 
intensity  to  sttimulate  another  scattering  process  if  other  switches  are  causing  logic  ha^. 
Another  static  hazard  is  detected  if  one  considers  the  fiber  ring  and  the  pulse  widths.  The  fiber 
ring  loop  must  be  long  enough  to  hold  a  pulse. 


launial  strvcun  af  tW  iBa  k>gi<  gaU 
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EXPERIMENTAL  RESULTS  ON  SBS  SWITCHING 

The  photodetector  output  was  also  taken  at  varied  input  intensities  and  is  shown  in  Fig. 

The  ramp  waveform  represents  piezo  control  signal  sweep.  The  pulse  train  riding  on  the 
ramp  signal  is  interpreted  to  be  the  onset  of  sBs  at  each  ring  resonance.  We  held  the 
frequency  at  a  constant  value  of  40  Hz,  while  observing  changes  in  the  number,  and  the 
shape  of  the  peaks  by  varying  the  input  intensity. 

Lowering  the  frequency  of  the  ramp  control  signal  while  holding  the  power  constant 
caused  instability  in  the  output  signals  recorded  by  both  detectors.  When  adjusted  near 
the  highest  piezo  frequency,  sBs  signal  also  became  unstable,  indicating  higher  sBs 
threshold.  Adjusting  the  amplitude  of  the  ramp  signal  driving  the  piezo,  while  holding  the 
frequency  and  power  constant,  caused  instability,  due  possibly  to  insufficient  sBs 
evolution  time. 

The  PZT  driven  fiber  ring  cannot  perform  as  an  effective  optical  switch  because 
the  cyclic  resonance  of  the  device  does  not  allow  stable  switching  states.  Once  the  sBs 
phenomenon  begins  to  evolve,  it  is  interrupted  when  the  ring  goes  off  resonance.  A 
virtually  static  resonant  fiber  ring  is  essential  for  optical  switching  using  sBs.  Once  such  a 
ring  is  established,  then  the  theoretically  predicted  switching  performance  can  be  tested 
and  implemented.  Such  a  fiber  ring  switch  can  then  be  optimized  as  regards  to  fiber 
length,  fiber  index  of  refraction,  coupler  efficiency,  etc.  It  is  also  suggested  that  in  future 
experiments  of  this  type,  the  fiber  length  be  varied  for  possible  lower  sBs,  as  well  as  the 
usage  of  different  fiber  types. 
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CH3  BRILLOUIN  ACTIVE  OPTICAL  FIBER  SENSING 

A  low  loss  silica  fiber  can  readily  exhibit  Brillouin  activity  in  both  stimulat^  Brillouin 
scattering  (sBs)  and  near-resonant  forward  (and  backward)  guided  acoustic  wave  Brillouin  scattering 
(GAWBS)  with  both  polarized  and  depolarized  components.  The  former  is  caused  by  longitudinal  and 

the  latter  by  longitudinal  and  torsional-.radial  phonons  of  the  fiber. 

Recently,  fiber  based  sBs  active  sensors  for  temperature  and  strain  have  been  reported  while 
fiber  based  GAWBS  active  sensor  has  not  been  extensively  studied.  A  status  review  on  sBs  sensors  is 
given  in  Table  2.  Since  sBs  theory  is  well  established,  only  experimental  schemes  and  data  are 

highlighted  in  the  table. 


We  have  studied  GAWBS  extensively  and  have  always  observed  the  phenomenon  at  much  lower 
incident  laser  powers  and  shorter  fiber  lengths  as  compared  to  the  observ-ation  of  sBs.  This  immediately 
connotes  the  potential  superiority  of  the  GAWBS  sensor.  To  explore  this  fact  m  depth,  the  status  of  the 
GAWBS  theory  is  revisited  with  additional  confirmation  from  various  viewpoints.  A  number  of  concepts 

are  presented  in  Table  3.  u  r 

This  forward  scattering  mechanism  has  apparently  been  theorized  and  observed  by  a  number  ot 

researchers.  Their  apparent  divergent  views  are  actually  consistent  when  assembled,  compared  and 
properly  interpreted.  For  instance,  Stone  attributed  line  broadening  by  Rayleigh-Brillouin  scattering,  to 
diffraction  by  a  finite  aperture,  which  is  the  radius  of  the  fiber.  Based  on  fiber  parameters  and  laser 
wavelength,  he  arrived  at  a  maximum  broadening  of  500  MHz.  Jen  analyzed  this  phenomenon  as 
acousto-optic  interaction,  arriving  at  the  conclusion  that  only  Rom,  Rim^  Lq^j  Lom,  respective  y 

radial  (R),  longitudinal  (L)  and  torsional-radial  acoustic  modes  are  allowed.  This  is  consistent  wnth 
Shelby’s  and  Marcuse’s  findings.  Marcuse  predicted  depolarization  of  incident  laser  light  in  the  fiber  due 
to  birefringence  caused  by  periodic  variations  in  the  fiber  diameter.  Shelby  derived  formulas  for  the 
experimentally  observed  fiber  acoustic  eigenmodes  with  specific  mode  frequencies,  which  have  been 
confirmed  by  Shiraki,  us  and  others  (see  Table  4).  The  depolarizing  TR2m  modes  have  been  simulated 
graphically,  showing  the  greatest  amount  of  depolarizing  scattering  when  the  center  of  the  fiber  core 
becomes  strongly  elliptical  (see  below).  Shelby  also  predicted  extremely  low  TR  mode  scattering 
efficiency,  leading  us  to  call  such  low  level  scattering  “noise”.  However,  this  readily  observed  noise 
over  the  strongly  coherent  sBs  frequency  shift  is  aptly  explained  by  Corvo,  who  carried  out  an  extensive 
spatial-temporal  Fourier  analysis  of  forward  Brillouin  scattering.  He  concluded  theoretically  that 
GAWBS  would  dominate  over  sBs  for  long  pulse  or  cw  lasers,  and  also  correctly  predicted  the  frequency 
shift  increase  with  increasing  diffraction  angle,  as  observed  by  us. 
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L  is  the  length  required  for  the  polarization  to  rotate  by  VU 
aj=5nm .  A=0.00137,  V=2.4 
Forfr=O.05um(l%  elliptically),  Ln=25m 


JKS^n^th  linear  polarization  at  M?”  encounter  anisotrop.c 
perturbations  which  cause  unequal  phase  shifts  for  components  projeo^on 
the  4=0°  and  ^=90°  axes.  Polarization  components  ait  created  along  4  *5^ 

that  arc  frequency  up  shifted  and  down  shifted  by  the  vibrational  mode.  The 
fraction  depolarized  in  this  way  by  the  index  perturbations  is 

(2  3  ^  ^ 

n  a  tr(A,  -a  ^  ^^.12  ^^-1 

2  2  2 „ 

64x  C  °  ^Tm 

Vat  jfrcquency  shift  /.  of  the  light  wave  scattered  due  to  modes  is 
expressed  as 

fm  - 

where  V,  denotes  the  sound  velocity  of  the  shear  wave  and  d  is  the  fibw 
diameter,  y,  is  the  eigenvalue  related  to  the  frequency  /.  of  the  light 
scattered  by  mode  and  is  obtained  by  solving  the  followmg  equation, 
which  is  determined  by  boundary  conditions  for  TRt,  modes  corresponding 
to  zero  traction  on  the  fiber  surface. 
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Tabic  4  Available  GAWBS  experimental  data 


GAWBS 


Reference 


Iby 

985 


(c)  PerlmutiCT 
(1990) 


Experimental  Setup 


•11 

Parameters: 

-  Laser:  647run  Kr^  Spectra-Physics  laser 

-  Fiber  Length:  Im  singlemode  fiber 

-  Core:  4±0.4^m  germania-doped  silica 

-  Cladding:  125±3pm  pure  synthetic  silica 

-  Input  power:  200mW 

-  Output  power:  l-5mW 

-  Pump  linewidth:  few  MHz 


pin  diode 


optical  fiber 


elecsromc  jpcctnum 
tnaiyzer 


-  Laser;  1321nm  50  mW  CW  multimode  Nd;YLF  laser 

-  Fiber  length:  4000m  standard  telecommunication  Fiber 
Parameters: 

-  Fiber  length:  100  m  ' 

-  Fiber  type  :  Single-mode  fused-silica  optical  fiber 

-  Fiber  core;  ~  5  pm 

-  Fiber  cladding:  -  125  pm 


OuAntum  NoiU 


Yu 


500 

Freguincv  (MHzl 


GAWBS  spectrum  for  test  fiber 


(R>^^ 


.  Laser:  1319iim  Nd:YAG  ring  laser 

-  Laser  linewidth:  <  lOkHz 

-  Fiber  type  :  “Z”  fiber  from  LITESPEC  Inc 

-  Fiber  length:  1000  m. 


Parameters: 

-  Laser:  1550nm  DFB  laser 

-  Fiber  length:  3000m 

-  Core:  5pm  pure  silica 

-  Cladding:  I26±0,3pm  (  F-doped  silica) 

-  Input  power:  2mW 

-  Pump  linewidth:  <200  kHz 

Table  5.  SB S  and  GAWBS  Corrleation 
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Types  of 
scattering 

Stimulated 

Backward  Brillouin 
scattering 

Stimulated  Forward 
Brillouin  scattering 

Spontaneous 

Forward  Brillouin 
scattering 

Spontaneous 

Backward  Brillouin 
scattering 
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II 
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II 
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— 

Transverse 

q//  =  0  >  qi  0 

Transverse 

q//  =  0  ,  qi  -  0 

Physical 

Mechanism 

k-diagrs 

im 

Cannot  Construct 

k-diagram 

la. _ _ _ 

Cannot  Construct 

ound  ui\-e 

*  ^ 

$> 

Sound  v»'ave 

C0“k  diagram 

a 

“>■ 

B,  /  \ 

^  \ 

Cannot  Construct 

q;/=0  does  not 
exist 

q//=0  does  not  exist 

- — x 

Conclusion 

Possible 

Not  Possible 

Possible 

Not  Possible 

Table  6  Diffraction  Model  Experimental  Verification 


Reference 

Pump 

Wavelength 
(>-)  ^ 

Core 

radius 

(a) 

50=Ay7rna 

and 

n=1.46 

(fe). 

GHz 

Observed 

MHz 

Calculated  Forward  GAWBS 
(5fB),=  (fBLx50/2MHz 

Stone 

1.3  pm 

3.5  pm 

0.08 

12.7 

— 

508 

Shelby 

0.647  pm 

2.0  pm 

0.0686 

26.5 

800 

910 

Shiraki 

1.55  pm 

2.5  pm 

0.135 

11.3 

— 

764 

3.19pm 

0.0901 

550 

595 

Yu 

1.3 19  pm 

3,47pm 

0.0829 

13.2 

600 

547 

4.59pm 

0.0626 

400 

413 

4.9  pm 

0.0587 

400 

387 

1.5  pm 

0.155 

1200 

1271 

Poustie 

1.064  pm  ~ 

2.0  pm 

0.116 

16.4 

850 

952 

3.0  pm 

0-077 

600 

632 

Table  7  Comparison  of  Sensing  Capabilities 
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Linewidth  due  to 
coating 


SBS  AND  GAWBS  GENERATED  ACOUSTIC  WAVES  IN  FIBER 

It  is  well  known  that  Brillouin  gain  and  frequency  shift  are  dependent  on  the  elastic 
properties  of  fiber  materials,  such  as  sound  velocities,  density.  Young’s  modulus,  etc.:. 
Therefore,  the  stimulated  Brillouin  frequency  changes  with  fiber  material  and  dopant 
concentration.  The  dopant  dependence  of  sound  velocity  of  longitudinal  acoustic  wave 
has  been  observed  in  backward  or  stimulated  Brillouin  scattering.  These  longitudinal 
sound  waves  in  the  fiber  are  also  termed  dilational  waves,  and  they  form  a  family  of 
waves  distinct  from  radial,  torsional  and  mixed  radial/torsional  waves. 


ment  patterns  for  the  lowest  order  dilatational 
modes  of  a  circular  rod  at  /?  =  0. 


Particle  velocity  distributions  for  the 
three  lowest  order  members  of  the  torsional  mode  family 

7^' 


The  longitudinal  or  dilational  modes  possess  particle  velocity  fields  that  have  a  radial 
component,  which  does  not  vary  azimuthally,  so  that  the  free  boundary  alternately  dilates 
and  contracts.  Thus,  these  modes  can  be  subclassified  according  to  their  axial  and  radial 
motions  at  f  =  0,  and  designated  as  Loq  and  Roq  modes.  In  torsional  modes,  the  particle 
velocity  is  entirely  azimuthal.  It  vanishes  at  r  =  0  and  alternates  in  sign  with  increasing  r. 
The  designation  Toq .  For  this  type  of  modes,  each  cross  section  of  the  rod  (fiber)  rotates 
rigidly  about  the  axis.  Propagation  is  at  the  bulk  shear  velocity  Vs  -  (cqVf  ) 

The  L  modes  are  responsible  for  backward  stimulated  Brillouin  scattering  and  the 
radial  and  torsional  or  mixed  torsional/radial  modes  are  responsible  for  forward  Brillouin 
scattering  (Guided  Acoustic  Wave  Brillouin  scattering).  The  latter  is  further  divided  into 
polarized  and  depolarized  GAWBS  modes  due  respectively  to  Roq  and  TR2q  respectively. 


MODE  LINEWIDTHS  AND  SELECTIVE  DAMPING 

The  intensities  and  linewidths  of  the  depolarized  GAWBS  resonance’s  peaks  are 
affected  by  fiber  diameter  variations,  bulk  attenuation  of  the  acoustic  wave  in  the  silica 
optical  fiber,  and  damping  on  the  fiber  surface. 

The  variation  in  optical  fiber  diameter  (both  core  and  cladding)  along  its  length  causes 
an  increase  in  the  mode  linewidth.  However,  it  is  more  significant  that  the  application  of 
a  coating  on  the  bare  fiber  increases  the  linewidth  significantly.  This  is  the  result  of  mode 
selective  attenuation  of  the  guided  acoustic  waves.  When  the  silica  fiber  is  surrounded  by 
an  isotropic  material  such  as  the  polymer  coating  or  jacket,  the  coupling  of  the  acoustic 
radiation  from  the  silica  into  this  medium  essentially  depends  only  on  the  radial 
displacement  Ur  at  the  fiber  surface.  Acoustic  modes  with  small  U  values  on  the  surface 
are 

weakly  coupled  and  thus  produce  GAWBS  resonances  with  high  Q.  Hence,  the  lowest 
frequency  TR2q  modes  turn  out  to  have  the  largest  U  values  on  the  surface  of  the  fiber. 
The  higher  order  modes,  on  the  other  hand,  have  a  smaller,  more  uniform  acoustic 
coupling  with  the  external  medium.  It  is  also  observed  that  different  mode  orders  have 
selective  interaction  with  the  damping  surrounding  the  fiber. 


CHEMICAL  COMPOSn  iON  ON  SBS  AND  GAWBS  LINE  SHIFTS 


I'B  -  11.045-0.277  (FJ  +  0,045  (Ge02]  (GHz). 
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Cott  ridiut 


DEPENDENCE  OF  GAWBS  BANDWIDTH  ON  FIBER  CLADDING  SIZE 


Diametr  (uni) 


Selective  Mode  Damping  by  Fiber  Ambient 


STOP  410.0  HHz 


TEMPERATURE  EFFECT 


EFFECT  OF  STRESS/STRAIN  IN  FIBER 


=  4.4.  This 

result  shows  the  potential  of  Brillouin  spectroscopy  to  evaluate 
tensile  strain  in  the  fiber. 


DISCUSSION  ON  SENSING 
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